Herein, we report an approach to produce levoglucosenone (LGO) from cellulose in yields up to 51% under mild reaction conditions (170-230 1C; 5-20 mM H 2 SO 4 ) using polar, aprotic solvents such as tetrahydrofuran (THF).
Introduction
Biomass is one of the few renewable sources of carbon. Lignocellulose is the most abundant source of biomass. [1] [2] [3] [4] Furans produced by acid hydrolysis of saccharides (i.e., 5-hydroxymethylfurfural (HMF) and furfural) are one of the most promising chemical feedstocks that can be produced from biomass. [5] [6] [7] [8] [9] [10] [11] [12] Cellulose can also be depolymerized to form anhydro-sugars either by pyrolysis [13] [14] [15] or dehydration under anhydrous conditions. [16] [17] [18] [19] Levoglucosenone (1,6-anhydro-3,4dideoxy-b-D-pyranosen-2-one, LGO) is an anhydro-sugar that contains a double bond conjugated with a ketone as well as a protected aldehyde and two protected hydroxyl groups. 20, 21 Its unique structure and potential as a chiral building block have made it an attractive platform molecule, as shown in Scheme 1. During the last decade, this substrate has been used as building block 22, 23 for the synthesis of a wide variety of high value pharmaceuticals (e.g., (+)-chloriolide, which is a macrolide antibiotic, 24 and ras activition inhibitors, which are anticancer drugs 25 ). The hydrogenated form of LGO, dihydrolevoglucosenone (Cyrene s ), is useful as a bio-based polar, aprotic solvent with properties similar to NMP, DMF, and sulfolane. 26 5-Hydroxymethyldihydrofuranone, a precursor for nucleic acids, can also be produced from dihydrolevoglucosenone. 27 Importantly, 1,6-hexanediol, widely used in the polymer industry, can also be produced in 69% molar yield by the aqueous-phase hydrogenation of LGO using Pt/C and Pt/W/TiO 2 . [28] [29] [30] LGO has traditionally been produced in low yields by catalytic fast pyrolysis of biomass, and many attempts have been made to improve the LGO yield using pyrolysis technologies. 17, [31] [32] [33] [34] [35] [36] [37] [38] [39] Notably, Dobele and coworkers pre-treated wood with phosphoric acid prior to pyrolysis, with LGO making up 30% of the total peak area of the detectable products at 375 1C. 38 Zhang and coworkers explored sulfated zirconia, a solid superacid, as a means to improve the yield of LGO, but their best carbon yield was only 8.4%. 37 These low yields make it difficult to recover LGO from bio oil and have so far limited the large-scale exploitation of LGO.
Solvent-assisted pyrolysis leads to enhanced yields by inhibiting the polymerization of levoglucosan (LGA) and LGO, which are the primary cellulose dehydration products. For example, Kudo et al. used a sulfonate ionic liquid ([EMIM]CH 3 C 6 H 4 SO 3 ) as a solvent and a catalyst for LGO production from saccharides by pyrolysis, and they achieved an LGO yield of 28.9 wt%. 18 Kawamoto et al. used a complicated vacuum pyrolysis approach to convert cellulose to LGO using sulfolane with sulfuric acid or phosphoric acid (0.1-1.0 wt% acid concentration) as catalysts. The molar yields of LGO, furfural, and HMF were as high as 42.2%, 26.9%, and 8.8%, respectively when the pressure was reduced to 0.1 atm. 16 In recent work, we have shown that monophasic systems containing 90 wt% g-valerolactone (GVL) and 10 wt% water can be used to selectively produce levulinic acid from cellulose with yields close to 70% using Amberlyst-70 as the catalyst. 40 We have also used GVL with H 2 SO 4 as the catalyst to break down cellulose and hemicellulose into their constituent sugars, and obtained yields of 70-90%. 41 In the same vein, we have reported that cellulose can be effectively converted to HMF in tetrahydrofuran (THF) under mild reaction conditions, obtaining an HMF yield of 44%. 42 In related work, Wyman et al. have shown that THF, when used as a co-solvent with water, leads to an increase in the yield of HMF, furfural and levulinic acid 43, 44 or the yield of monosugars 45 obtained during biomass hydrolysis. Notably, this work suggests that THF can be recycled when used with inorganic acids such as H 2 SO 4 .
Herein, we demonstrate an approach to easily produce LGO with high yield from cellulose under mild reaction conditions using polar, aprotic solvents such as THF and GVL. The yield of LGO is higher than has been obtained using ionic liquids or sulfolane. Moreover, HMF and furfural are the only volatile by-products, and these can be recovered by distillation. Finally, we show that the product distribution can be adjusted by optimizing the reaction conditions.
Experimental

Reaction studies
Reactions were performed in a 100 mL Hastelloy (C-276) autoclave (Parr Instrument Company, series 4560). The vessel and head were dried overnight at 70 1C to remove residual water prior to each reaction. Solutions of cellulose (Avicel s PH-101, moisture content ca. 3 wt%), cellobiose (Sigma Aldrich, purity Z98%), glucose (Sigma Aldrich, anhydrous), and LGA (Sigma Aldrich, purity 99%), THF (Sigma Aldrich, anhydrous, 99.9%, inhibitor free), and sulfuric acid (Fisher Chemical, A300-500) were sealed in the autoclave, at which point the vessel was purged five times with helium (Airgas). The vessel was then heated to the desired reaction temperature and pressurized to a final pressure of 6.9 MPa. Zero time was defined as the point at which the heating was started, except where noted. The stirring rate was maintained at 600 rpm. The temperature and stirring were controlled by a Parr 4848 Controller. Samples (about 1 mL) were periodically withdrawn through a dip tube. The reactor was repressurized with helium after withdrawing each sample. The samples were immediately quenched in an ice water bath and filtered with a 0.2 mm syringe filter (IC Millex s -LG). Samples were diluted twice with water prior to analysis.
Analytical methods
LGO (standards purchased from GlycoSyn, purity 98%) and HMF (standards purchased from Sigma Aldrich, purity Z98%) were analyzed using a gas chromatograph (Shimadzu, GC-2010 equipped with a flame ionization detector and a Restek RTX-VMS capillary column). The injection port and the detector were held at 240 1C. The column flow rate was 0.43 mL min À1 with a He carrier gas. The GC oven temperature was initially held at 40 1C for 5 min, ramped to 240 1C at 7.5 1C min À1 , and kept at 240 1C for 15 min.
LGA, glucose and furfural were analyzed using a high-performance liquid chromatograph (HPLC; Shimadzu, LC-20AT) equipped with UV (UV-vis; SPD-20AV) and RI (RID-10A) detectors. Separation was achieved using a Biorad Aminex HPX-87H column at 30 1C with 5 mM H 2 SO 4 as the mobile phase, flowing at a rate of 0.6 mL min À1 . For each analysis, the injection volume was 1 mL.
All yields were calculated as follows, where detectable products consisted of glucose, levoglucosan, levoglucosenone, HMF, and furfural:
Moles of carbon of product i Initial moles of carbon in feed Total yieldð%Þ¼100
Â Total moles of carbon from all detectable products Initial moles of carbon in feed
Results and discussion
Product identification and quantification
The main detectable products of the reaction are glucose, LGA,
LGO, furfural, HMF, and levulinic and formic acids. Gas chromatography (GC) is typically used to analyze many of these compounds when studying catalytic fast pyrolysis, although glucose and LGA must be analyzed using liquid phase techniques such as high performance liquid chromatography (HPLC). The Biorad Aminex HPX-87H organic acid column that is typically used in HPLC analyses of biomass hydrolyzates cannot resolve LGO from HMF. This lack of resolution is not typically a problem in systems where hydrolysis is the target reaction, because little LGO is formed except under anhydrous conditions (discussed below). Fig. 1 shows the analysis of a standard sample containing glucose, LGA, LGO, furfural, HMF, and levulinic and formic acids. The HPLC chromatogram contains one fewer peak than the total number of compounds because
LGO and HMF elute with the same retention time. In contrast, analysis by GC resolves LGO from HMF, but glucose, LGA, and formic acid are not detected due to the decomposition of glucose and LGA in the injector and the poor sensitivity of formic acid. Therefore, reactions performed in the liquid phase need to be analyzed by both GC and HPLC to adequately quantify all of the potential products.
Solvent selection
We have previously shown that the use of polar, aprotic solvents is a promising method for converting cellulose to HMF. 42 However, as discussed above, the presence of LGO can convolute the results obtained by the standard analytical method using only HPLC. Consequently, we have used both HPLC and GC to reanalyze several samples from our previous work on cellulose decomposition with dilute sulfuric acid in different solvents (presented in Table 1 ). It is important to note that while some LGO was produced during reactions run under anhydrous conditions, the overall trend in HMF yield with changing solvent is the same as previously reported. Further, as discussed below, only small amounts of LGO are formed when water is present, and when analyzing the products by GC, using the optimal reaction conditions, we obtain the same yield of HMF as reported previously. 42 Thus, modifying the analytical method does not change the conclusions of our previous work. No LGO was produced when using water or ethanol, both of which are protic solvents. The use of acetone and ethyl acetate led to 2-3% yields of LGO, while the use of THF and GVL led to the highest yields of LGO, with increasing yields obtained at longer reaction times. Consequently, we examined the yield of LGO as a function of reaction time using both GVL and THF as solvents at both 170 1C and 190 1C (see Fig. 2 ). Although higher yields of LGO from cellulose are initially obtained in GVL, the yield of LGO in THF increased continuously, eventually surpassing the maximum yield obtained in GVL. Importantly, LGO appears to be stable in THF at reaction times of up to 6 hours, whereas LGO degrades in GVL. At 190 1C, higher yields of LGO were obtained when using THF than when using GVL. As shown in Table 2 , the initial rates of LGO and LGA production were higher in GVL than in THF. Notably, the rate of HMF production relative to the rate of LGO production in GVL is nearly twice that in THF at both temperatures, suggesting that GVL promotes the formation of HMF. Fig. 3 shows the effect of water content on the dehydration of cellulose in THF at 190 1C. In pure THF, cellulose is converted to LGA, and the LGA is subsequently converted to LGO. The maximum yield of LGO was 47%, after 4 hours of reaction. Notably, this yield is higher than many reported yields of HMF from cellulose. Only a trace amount of glucose was detected when using pure solvents, and the water required for hydrolysis likely comes from the dehydration of LGA. The conversion of cellulose to glucose was dramatically enhanced by the addition of 2.7 wt% water.
Effect of water content
LGA and glucose, obtained from cellulose dehydration and hydrolysis, respectively, were both detected at short reaction times (30 minutes). The highest yields of LGA and glucose were 33 and 19%, respectively. Notably, the yield of LGO with 2.7% water decreased by more than half compared to that obtained in pure THF (i.e., an LGO yield of 21%). The HMF yield increased fivefold with the addition of 2.7 wt% water to the THF, eventually reaching 25% yield. Cellulose dehydration 
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to LGO was completely inhibited in the presence of 11 wt% water, while cellulose hydrolysis to glucose was promoted. The glucose yield went through a maximum, suggesting that it is converted to HMF and humins, where formation of the latter was indicated by insoluble precipitates in the reactor. Interestingly, the yield of LGO production rate is sufficiently high at this condition that the maximum LGA concentration was achieved prior to taking the first sample. 
Effect of cellulose loading and acid concentration
We examined the effect of cellulose loading ranging from 1 to 5 wt% and sulfuric acid concentration. As shown in Table 3 , the maximum LGO yield decreases from 47% to 21% with increasing cellulose loading. The total carbon yield and the LGA yield also decreased with increasing cellulose loading. The yield of glucose was always low due to the absence of water in these reactions. In contrast, the yield and concentration of HMF increased with increasing cellulose loading, while the yield of furfural remained constant. At longer reaction times, the yields of all compounds except furfural decreased. Table 3 also shows that increasing the acid concentration from 7.5 to 20 mM has a minimal effect on the LGO yield for the conversion of 5 wt% cellulose.
Effect of temperature
The effect of reaction temperature is shown in Table 4 . A maximum LGO yield of 51% was obtained after 30 min at 210 1C. A maximum LGO yield of 47% was obtained at 10 minutes at a temperature of 230 1C. A similar improvement in yield with increasing temperature was observed at a 3% cellulose loading. Notably, the reaction solution contained only LGO, HMF, and furfural when the reaction was stopped.
The stability of LGO in THF
While studying the effect of feedstock loading, we observed that the LGO yield decreased with time (see Table 3 ). To confirm this result, we performed a reaction for 44.5 h at 190 1C using 1 wt% cellulose in THF with 7.5 mM sulfuric acid as a catalyst. As shown in Fig. 4 , the yield of LGO reached a maximum at 4.5 h, after which the yield decreased gradually to one third of the maximum value. As noted above, LGA is a primary product that is consumed rapidly, and no glucose was detected because the reaction was run in the absence of water. The HMF and furfural yields remained constant over the same time period used in our previous study. 42 Elucidation of the reaction network Fig. 5 shows the results of the dehydration of cellobiose, LGA, and glucose in pure THF and 2.7 wt% water in THF. In THF, the LGA is rapidly converted to primarily LGO in yields up to 49% (see Fig. 5a ). The other detectable product was HMF, which reached a 6% yield. No glucose was detected for LGA conversion in pure THF, suggesting that HMF may be derived by the isomerization of LGO. In contrast, the yield of LGO was only 22% in the presence of 2.7 wt% water, and the HMF yield increased to 28% (see Fig. 5b ). Glucose was also observed in this reaction and passed through a maximum at about 25 minutes. This result indicates that LGA can be rehydrated under these conditions. It is difficult to discern whether the improvement in LGO yield b [%]
LGO LGA HMF Glucose Furfural Total   1  7.5  1  32  12  0  1  4  49  4  47  2  0  0  5  54   3  7.5  1  28  9  6  1  4  48  4  31  3  9  0  5  48   5  7.5  1  21  7  7  1  4  40  4  21  2 12  0  5  40  6  21  1 13  0  5  40  10  18  1 12  0  5  36   5  20  1  20  1 14  0  5  40  4 13 0 10 0 5 28
a For these reactions, t = 0 was defined as the point at which the reactor reached the reaction temperature. b Reaction conditions: 60 mL total volume, 190 1C. LGO
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HMF yield is primarily due to glucose conversion or due to waterassisted LGO isomerization. A similar result was obtained during glucose dehydration ( Fig. 5c and d) .
LGO was formed at 40% yield in the absence of water, with LGA as an intermediate. The presence of water increased the HMF yield from 4% to 19%. Interestingly, the furfural yield was 3-4% regardless of the presence of water, suggesting that furfural may be produced directly from glucose, as has been reported previously. 46 Cellobiose showed the same dehydration behavior as cellulose. Notably, Assary and Curtiss calculated the activation barrier for cellobiose conversion to LGO to be 59 kcal mol À1 , in good agreement with the experimentally measured activation energy required for the formation of activated cellulose (58 kcal mol À1 ), 18, 47 which should translate to similar yields of LGO from each. However, the maximum yields of glucose, LGA, and LGO were higher when starting from cellobiose than when starting from cellulose, which may be due to the recalcitrance of crystalline cellulose.
Also notable is the production of furfural in the presence of water, while no furfural was observed in the absence of water (see Fig. 5a and b). Moreover, furfural production is independent of water concentration for reactions starting from cellulose, as shown in Fig. 3e . However, if the water-assisted conversion of LGO to furfural were a significant reaction, one would expect the furfural production from cellulose to increase with increasing water content. Therefore, based on the results presented in Fig. 3e and Fig. 5a and b, we suggest that the conversion of LGO to furfural does not readily occur in THF, in contrast to Kawamoto's observations for the reaction in sulfolane. 16 Indeed, the choice of solvent appears to be important, because we have observed that THF inhibits the conversion of LGO to HMF (see Fig. 2 and 5) , GVL favors the isomerization of LGO to HMF (see Fig. 2 ), and Kawamoto and coworkers observed that sulfolane favors the conversion of LGO to furfural. 16 From the above results, we propose the reaction network shown in Scheme 2 for the dehydration of cellulose to LGO in THF. There are two competitive routes for cellulose decomposition. One route is the depolymerization reaction that occurs in the absence of water, which is analogous to the pyrolytic depolymerization of 
cellulose to LGA previously illustrated by our group 48 and other research groups. [49] [50] [51] [52] [53] In this scheme, LGA is the primary product of cellulose depolymerization, which is then further dehydrated to yield LGO. The transformation of LGA to LGO can occur by two pathways (see Scheme 3). The commonly proposed mechanism involves the sequential dehydration of LGA, as suggested by Broido. 20 Importantly, Broido suggested that isolevoglucosenone could also be produced from LGA, although they did not detect this compound. Assary and Curtiss computed the thermodynamics of both pathways, which may suggest that both species could be formed, although the path to LGO is slightly more direct than that to iso-LGO. The second mechanism, presented by Shafizadeh et al., involves 1,4:3,6-dianhydro-a-D-glucopyranose (DGP) as an intermediate between LGA and LGO. 54 Such a mechanism successfully predicts the absence of iso-LGO in the pyrolysates and in our reactions, although it may be difficult to distinguish iso-LGO from
LGO using GC analysis. We do not detect the presence of DGP or of a singly-dehydrated LGA species, so we cannot distinguish which mechanism is operative under our reaction conditions. The second route for cellulose conversion is the conventional cellulose hydrolysis pathway. As expected, glucose is the primary product of cellulose hydrolysis in aqueous medium, and it can quickly undergo isomerization and dehydration with acid catalysts to yield HMF. 46 LGA and glucose may also be interconverted in the presence of water. Notably, the interconversion between these routes is governed by the addition or removal of water, so the final product distribution can be tuned by adjusting the water content in the reaction medium. Without water, the main products are LGO and LGA, with small amounts of HMF and furfural also being formed. However, cellulose dehydration was inhibited completely in the presence of small amounts of water, and no anhydrosugars were observed. HMF and furfural were the only products of these reactions and the yields were observed to be higher in the presence of water than in the absence of water. Small amounts of levulinic acid were also formed in the presence of water, as were insoluble precipitates (i.e., humins).
Conclusions
We have presented an approach to produce LGO and LGA in high yields from cellulose under mild reaction conditions using polar, aprotic solvents. To our knowledge, this is the highest LGO yield to be reported. The final product distribution can be controlled by the addition of water to the reaction medium. HMF gradually replaces LGO as the main product with increasing water content in the solvent.
LGO is a promising building block that can be used to make a variety of renewable chemicals from biomass.
